Barrier suppression ionization and wave-packet-spreading models are used to describe to first order in a perturbative expansion the quantum-mechanical interaction between a photodetached electron wave packet and its parent nucleus in the presence of a very strong laser field. The attraction between the wave packet and the nucleus (the first-order approximation to the dipole acceleration) is interpreted in terms of a force arising from an effective potential, where the effective potential is defined to attract the electron treated as a point particle by the same amount that the true Coulomb potential attracts the spreading wave packet. Thus the effective potential has no Coulomb singularity at the origin. The obtained expression for dipole acceleration is used to calculate the emission spectrum of the detached wave packet interacting in the strong laser field with the nucleus. In the case of detachment of the hydrogen ground-state wave packet, the spectrum is shown to be broad and almost completely devoid of definite harmonics of the laser frequency. The lack of any pronounced structure in the emission spectrum is explained by rapid spreading of the electron wave packet and by the resulting strong smoothing of the effective interaction potential and force. The limitations on the applicability of the presented theory are discussed and are shown to be rather stringent: the laser pulse must be very short (a few optical cycles)
I. INTRODUCTION
Photoionization of atoms by a strong and superstrong light field is a subject of rather wide interest, both experimental and theoretical. Many theoretical models have been suggested to describe this process as well as accompanying phenomena, such as the emission of harmonics of the laser field. The applicability of the various models depends strongly on the parameters of laser radiation: its intensity, frequency, and pulse duration. Two models of importance to the topic of this paper are the barrier suppression ionization (BSI) [I] and wave-packetspreading (WPS) [2 -5] On an intuitive level, the main result of this work can be formulated in advance as follows: From the BSI-WPS assumptions, once the light field e(t) becomes strong enough to release the originally bound electron, the "center of mass" of the electron wave packet follows a classical electron trajectory r"(t ) in the laser field, whereas the electron charge distribution density spreads quantum mechanically.
Spreading is characterized by the function P(r, t) of an electron free from both the Coulomb and light fields. Under the BSI-WPS assumptions, the electron charge distribution density is proportional to P(r; t )~, which is centered on the classical trajectory. The attraction between the nucleus and the spreading and oscillating electron wave packet may be found through a direct application of Coulomb's law.
The attraction (effective force) between the nucleus and the wave packet is given by a superposition of Fc,"i(r)
with the weight function~f(r; t)~:
F,tt( t) = I d r'F c," (ir+ r')~g (r'; t )~~,
As can be easily understood, the quantum-mechanical spreading reduces the force on the electron cloud since more of the wave packet becomes situated further from the nucleus. The main limitations of the present approach, which are rather stringent, are discussed in Sec. VI.
II. BSI AND &PS MODELS
In the hydrogen atom, the total potential energy U of the electron is given by a sum of the (II( '(r, t)= f dr'Ui (r, t;r', 0)go(r'), (6) where Ui, (r, t;r', t') is the Volkov evolution operator that can be expressed in terms of the nonrelativistic Uolkov functions 4 (r, t ) Ui, (r, t;r', t')= f dpi'&(r, t)[%~(r', t')]* . (7) le("(t) & 
The Ui, (r, t; r', t ) =5(r -r'), which gives 4' '(r, o) = $0(r).
It will be convenient occasionally to employ a symbolic notation for Eqs. (6) and (7) (as well as for some other arising equations) by dropping the coordinate variables r and r'. In the symbolic notation 0i,(t; t ) = 1, 'and Eqs. (6) and (7) are written as
From this equation we can also find the first-order correction to the dipole moment
The second derivative of d("(t) determines the dipole acceleration calculated for the first-order approximation.
In calculating d "(t) it is helpful to take into account the features of the evolution operator 0 (ti;t') indicated in Eq. (10) We now turn our attention to the first-order corrections to the dipole arising from the residual electronnucleus interaction. This means that we have to find a correction 4("(r, t) to 4( '(r, t) of Eq. (6) (7) and (9) l%'"(t)
0 Some other useful features of the evolution operator are
Ui, (t;t')=Ho(t)0~(t; '),
Bt where Ho(t)= -, '[p+(1/c) A(t)] and p= iV.
From Eqs. (6) - (9) the zeroth order (with respect to the atomic potential, i.e. , the atomic potential completely omitted) average dipole moment and dipole acceleration are found to be
These equations are identical to the Newton equation for a classical charged particle in the field s(t). This means r'= -e(t) -VV(r) . (15) If we assume that the role of the atomic force is small as compared to e(t) we can use an iteration method to solve Eq. (15) similar to the one used above. Under this assumption the solution of Eq. (15) is represented in the form of a series r(t) =r"'(t)+r"'(t)+ V(r(t))= V(r' '(t))+r"'(t) VV(r)l (0)(,)+ (16) B. Classical picture For a clearer interpretation, the quantum-mechanical perturbation theory described above can be compared with the corresponding iteration procedure in a classical picture. The exact classical Newton equation for a charged particle (electron) influenced by the atomic potential and the light field has a form where r'"'(t)-[ V(r)]". By substituting these expansions into Eq. (15) and by retaining only the terms of the same order of magnitude (of the zeroth, first order in V, etc.) we arrive, in particular, at equations of the zeroth and first order r"'(t) = -dt' A(t'), C 0 r' (t)= VV(r)i (0) (17) The first of Eqs. (17) is equivalent to the first of Eqs. (11) . From the second of Eqs. (17) We now compare the quantum-mechanical and classical expressions for the first-order dipole acceleration [Eqs. (14) and (18)]. In fact, it can be shown that the quantum-mechanical expression for the dipole acceleration of Eq. (14) can be reduced to a form similar to that of Eq. (18) d (t)=VV g(I" t)i (OI~~= F tt(t) (19) where F, g t) is the effective force of Eq. (1) and V,tt(r; t) is the corresponding effective potential V,z(r;t)= f dr'V(r+r')~g(r', t)~ (20) Here g(r; t ) is the free-electron wave function that obeys the Schrodinger equation [Eq. (5) ] in the absence of both the V(r) and the r a(t) terms, and which obeys the initial condition g(r;0)=$0(r). In this case, g(r;t) is neither affected by the atomic potential nor by the laser field, and depends on time t only through the quantum-mechanical spreading of the initial wave packet. Explicitly, g(r;t ) is given by pie. The difference between V,tt(r;t) of Eq. (20) and V(r)
arises because in quantum mechanics, the electron is a cloud rather than a point. The density of the electron distribution in space is given by~g(r';t)~, and the bare atomic potential V(r) must be averaged with this weight function in order to get the effective potential of Eq. (20) .
The term r in the argument of the effective potential in Eq. (20) The last result has a simple electrostatic interpretation. 
The dependence of F,tt(r;t) on r is shown in Fig. 2 In a sense, the artificially smoothed 1D potential of Eq.
(37) is similar to the true Coulomb potential in the 3D picture since the 3D geometry inherently removes the singularity of the effective potential V,s(x;t) as has been seen. However, the long-range Coulomb interaction causes the dipole acceleration to behave differently in 1D and 3D pictures as can be seen in Fig. 3 . Figure 3 shows a comparison between the efFective forces of the 1D model of Eq. (37) and the 3D model at the times t (typically within a single laser cycle) when the Gaussian wave packets of either picture have spread to a width Ax=Dr = 100. While the force in either picture becomes less and less as the wave packets spread, the force in the 1D case decreases much more slowly than in the 3D case. This is because the 1D geometry overemphasizes the long-range In each case the Gaussian electron wave packet has a width of Ax =Dr =100.
regime. It is known [16, 17] that the Fourier spectrum of the dipole acceleration determines directly the coherent part of the emitted light spectral energy (i.e. , the part proportional to the squared number density of the emit- Fig. 4(b) . The effective potential was calculated with the help of Eq. (31) in the model of the Gaussian ground-state wave function. The curve d(t) of Fig. 4(b) shows a series of periodic kicks experienced by the oscillating electron as it returns to the nucleus.
But the amplitudes of these kicks fall off very rapidly because of smoothing of the effective potential through WPS. The first kick not shown completely in Fig. 4 (ii) The Lorenz-force drift velocity is equal to [5, 19] [ Perhaps the most important result of the present work is that fast spreading of the detached electron wave packet strongly damps harmonic production.
Very early (within a single laser cycle) after the electron wave packet begins to execute free motion in the field, it spreads to such a size that its acceleration due to the attraction to the parent ion is dramatically reduced as described in the first-order correction to free motion of the wave packet. This reduction of the dipole acceleration arising from the strong spreading can be intuitively understood electrostatically since the larger electron cloud is less attracted by the nucleus. The decline in the first-order correction to the dipole acceleration shows that the WPS assumption improves with time. For the same reason we can conclude that high-order harmonic production occurs more readily for bound-bound or bound-continuum transitions as has been described in other models than for the continuum-continuum transitions that result from the scattering of the wave packet by the Coulomb potential. 
